We performed a high resolution analysis of the chromatln structure within the regions required for distal transcription of the Drosophila melanogaster alcohol dehydrogenase gene {Adh). Using dimethyl sulfate, DNase I, and micrococcal nuclease as structural probes, and comparing chromatln structure in tissues Isolated from several developmental stages, we have identified several sites of stage-and tissuespecific DNA-protein interactions that correlate with distal transcription initiation. Most were within previously identified cte-acting elements and/or In vitro protein binding sites of the adult enhancer (AAE) and distal promoter, including the TATA box. We also detected a novel stage-specific DNA-protein interaction at the Adf-2a binding site where a non-histone protein was bound to the DNA on the surface of a positioned nucleosome previously Identified between the distal promoter and adult enhancer. In addition to footprints, we have also revealed stage-and tissue-specific DNA helix deformations between many of the non-histone protein binding sites. These helix distortions suggest there are interactions among the adjacently bound proteins that result in bending or kinking of the intervening DNA. The distal promoter and AAE have an accessible chromatin conformation in fat body prior to the third larval instar and many of the regulatory proteins that bind in these regions are also available before distal transcription begins. Nevertheless, the timing of DNA-protein interactions in the distal promoter and AAE suggest these proteins do not bind Individually or assemble progressively as they and their binding sites become available. Instead, there appears to be a coordinated assembly of a large cooperative complex of proteins interacting with the distal promoter, the positioned nucleosome, the enhancer of the distal promoter (the AAE), and each other.
INTRODUCTION
The alcohol dehydrogenase (Adh) gene of Drosophila melanogaster is transcribed from 2 tandemly arranged promoters that are ~700 bp apart (1) . Transcription initiation at each promoter follows distinct developmental and tissue-specific patterns (2, 3) . The proximal promoter is transcribed primarily during embryogenesis and larval development, while distal promoter transcription is highest in adult flies, but also detectable in mid-third instar larvae and embryos. The cw-regulatory regions required for distal promoter transcription have been well characterized by P-element mediated germline transformation (4-7) and transient transfection of Drosophila tissue culture cells (7) (8) (9) . These studies have shown that normal levels of distal promoter transcription require the stage-specific activity of the Adh adult enhancer (AAE), which is located -500 bp upstream of the distal transcription initiation site. In addition, several ciselements and in vitro non-histone protein binding sites have been identified in the AAE (7, (9) (10) (11) (12) , and the distal promoter (9, 10, (13) (14) (15) .
Nevertheless, a thorough understanding of the transcriptional regulatory process will require not only genetic analyses and in vitro characterizations of transcriptional regulatory factors, but also knowledge of how these factors interact and function in vivo where the DNA is packaged as chromatin. Generally, the regulatory regions of poised or actively transcribed genes possess an open chromatin conformation that is hypersensitive to DNase I cleavage and thus lacks canonical nucleosomes and is accessible to non-histone DNA-binding proteins (reviewed in 16, 17) . In Adh expressing larval fat body tissue, the adult enhancer and distal promoter have DNase I hypersensitive sites at which developmental modulation correlates with distal promoter transcription (18, 19) , suggesting that regulation of distal transcription involves significant nucleoprotein structural alterations in the promoter and AAE. Previous studies also identified a precisely positioned nucleosome between the distal promoter and AAE (19) . The constitutive presence of this nucleosome before, during and after distal promoter transcription,
• To whom correspondence should be addressed and its location suggest that it could facilitate interactions between proteins bound in the accessible regions of the distal promoter and AAE by sequestering the intervening DNA and thus juxtaposing these flanking regulatory regions.
In this study we have performed a high resolution genomic footprinting survey of the nucleoprotein structure in the regulatory regions of Adh distal transcription. By comparing this structure in Adh-non expressing salivary glands, and in Adh expressing fat body tissue at developmental stages before, during, and after distal promoter transcription, we have identified several changes in nucleoprotein structure that correlate with distal transcription. The nature of these DNA-protein interactions in mid-third instar fat body tissue, where the distal promoter is actively initiating transcription, suggests that the transcription initiation complex is a cooperative assembly of DNA-protein binding and proteinprotein interactions that may involve bent or possibly torsionally strained DNA.
MATERIALS AND METHODS

DrosophUa strains
Oregon R P-2 wild-type flies and staged populations of embryos and larvae were obtained, reared and maintained as previously described (19) .
Dimethyl sulfate treatment of hand-dissected larval tissue
Fat body tissue was dissected from mid-third instar larvae in dissection buffer containing 80 mM 3-[/v*-morpholino]propanesulfonic acid (MOPS), pH 7.0, 80 mM NaCl, 10 mM KC1, 1 mM CaCl 2 , 0.1 mM MgCl 2 , 0.1 mg/ml bovine serum albumin (BSA) at 24°C. Fat body tissue from 2 larvae was transferred to 200 /d of fresh dissection buffer containing 0.5 % dimethyl sulfate (DMS) (Kodak) and incubated for 1.5 min. at 24°C. DMS was removed by washing the dissected tissue 3 times in 200 pi of fresh ice-cold dissection buffer. Fat body was then transferred to 100 yl of lysis buffer containing 20 mM Tris-HCl, pH 7.5, 20 mM NaCl, 40 mM EDTA, 1% sodium dodecyl sulfate, and 2 /ig of yeast tRNA (carrier). This was immediately frozen on dry ice and stored at -80°C. To purify the nucleic acids, the lysis buffer with fat body tissue was extracted with 100 /J of phenol and 100 /d of chloroform-isoamyl alcohol (24:1) (CIA) 2 times, extracted with 200 /d of ether, and ethanol precipitated. The base-specific cleavage at methylated guanines was performed by resuspending the nucleic acid pellets in 50 /d of 1 M piperidine (Kodak), incubating at 90°C for 30 min. Samples were then frozen on dry ice, lyophilized, resuspended in 40 pi of H 2 O, frozen and relyophilized 3 more times to ensure complete removal of piperidine. The lyophilized samples were stored at -20°C until LMPCR analysis (below).
Lysolecithin/DNase I treatment of dissected larval tissues The lysolecithin treatment procedure was adapted from that described by Zhang and Gralla (20) . Salivary glands and fat body tissue were dissected from mid-third instar larvae in lysolecithin dissection buffer containing 150 mM sucrose, 80 mM KC1, 35 mM A^-2-hydroxyethylpiperazine-Af'-2-ethanesulfonic acid (HEPES), pH 7.4, 5 mM potassium phosphate, 5 mM MgCl 2 , 0.5 mM CaCl 2 at 24°C. The salivary glands or fat body from 2 larvae were transferred to 200 ml of fresh lysolecithin dissection buffer containing 0.5 mg/ml lysolecithin (L-aphosphatidylcholine, Sigma) and incubated for 2.5 min at 24°C to permeabilize the cell membrane. Tissues were then transferred to 200 \A of digestion buffer containing 150 mM sucrose, 30 mM Tris-HCl, pH 7.5, 6X1 mM KC1, 15 mM NaCl, 5 mM MgCl 2 , 2 mM CaCl 2 , and either 0, 50, 100, 200, or 400 units/ml DNase I (Worthington). Digestions were incubated at 24°C for 3 min and stopped by transferring the tissue to 100 pi of lysis buffer (above). Nucleic acids were purified from the digested tissues as described for DMS-treated tissues, without the piperidine treatment.
DNase I and mkrococcal nudease (MNase) digestion of staged embryonic and fat body nuclei Fat body purification from staged larvae, and isolation of nuclei from fat body and 0-10.5 hour embryos was described previously (19) . Nuclei were resuspended in nuclear digestion buffer, 15 mM Tris-HCl pH 7.4, 60 mM KC1, 15 mM NaCl, 5 mM MgCl 2 , 0.5 mM CaCl 2 , 0.5 mM DTT, 0.1 mM PMSF, 300 mM sucrose and digested with DNase I (Worthington) at a range of concentrations from 0 to 30 U/ml, or with MNase (Sigma) at a range of concentrations from 0 to 200 U/ml, for 2.5 min at 25°C. Digestions were stopped by adding EDTA and EGTA to 12 mM each. Genomic DNA was purified as described previously (19) .
The ligation mediated polymerase chain reaction (LMPCR)
We followed the procedure of Mueller and Wold (21) widi modifications we described previously (19) . For each lane 200 ng of genomic DNA (for analyses using isolated nuclei), or total nucleic acids from the hand-dissected tissue of 2 larvae, was denatured and annealed with primer 1, which was then extended with T7 DNA polymerase (Sequenase) to form blunt ends at the downstream cleavage sites, and these blunt ends were ligated to a specialized linker (21) . DNA samples that had been digested with MNase had to be phosphorylated with T4 polynucleotide kinase (Promega) following the first primer extension step because MNase cleavage removes die 5' phosphate that is required for ligation to the linker. All samples were subjected to PCR amplification as follows. Isolated nuclei analyses: 17 cycles of PCR amplification using 5 pmols each of primer 2 and the longer primer from the linker, followed by 2 cycles of amplification with 2 pmols of 32 P end-labeled primer 3 (>3x 10 6 cpm/pmol). Hand-dissected tissue analyses: 20 cycles of PCR amplification using 2 pmols each of primer 2 and the longer primer from the linker, followed by 2 cycles of amplification with 2 pmols of 32 P end-labeled primer 3 (> 3 x 10 6 cpm/pmol). For primer sets B and C, which had only 2 primers in addition to the linker primer, primer 2 was also used as the labeled primer. Samples were then phenol/chloroform extracted, ether extracted, ethanol precipitated, and resolved on 60 cm denaturing 6% polyacrylamide gels. The linker, solutions, reagents and reaction conditions were as described (21) . 
RESULTS
Stage-and tissue-specific DNA-protein interactions at the Adh distal promoter are associated with transcription The stage-and tissue-specific expression of the D. melanogaster Adh distal promoter makes it amenable for studying DNA-protein interactions associated with transcription because nucleoprotein structures in defined cell types and specific developmental stages can be compared. This analysis was made possible by the ligation mediated polymerase chain reaction (LMPCR) genomic footprinting technique (21), a powerful analytical tool that can be used to study DNA-protein interactions at single-nucleotide resolution, in relatively small amounts of tissues. Less than 100 ng of genomic Drosophila DNA provides sufficient signal for the study of single copy genes, thus hand-dissected polytene tissues from Drosophila larvae could be analyzed by this method.
We performed these analyses with 3 chromatin structural probes, dimethyl sulfate (DMS), DNase I, and micrococcal nuclease (MNase), because each can detect different types of DNA-protein interactions and together they provide complementary structural information. DMS is a widely used structural probe that readily penetrates cell membranes. It can detect DNA-protein interactions in the major groove via its ability to methylate the N-7 position of guanine, and its small size gives it a low probability of perturbing the chromatin structure (22) . Protection from methylation is interpreted as steric inhibition of DMS access to the major groove resulting from protein binding (23) , while enhanced DMS reactivity is thought to result from a protein-induced hydrophobic pocket that favors DMS reaction in the vicinity of the hypersensitive base (24) . DNase I binds to the minor groove of DNA (25) and cleaves the phosphate backbone. Therefore DNA binding proteins that sterically hinder DNase I recognition of the minor groove should produce a footprint. DNase I is also sensitive to minor groove width and DNA flexibility (26, 27) , thus it can detect alterations in DNA helix structure. MNase is a chromatin structural probe that binds and cleaves the phosphodiester backbone of DNA (26) . Therefore it can provide information on the accessibility of the backbone, and this should complement the major groove interactions detected by DMS, and the minor groove interactions detected by DNase I (28).
The Adh distal promoter has several sites where DNA-protein interactions are expected to be involved in transcriptional regulation. The TATA box (-26 to -32 of the distal RNA start site) is required for proper levels of distal transcription (5, 9) , and is the binding site for TFMD whose binding is believed to be the first step in the assembly of the other ubiquitous general transcription initiation factors (reviewed in 29). Together, these general factors have been reported to produce a footprint -70 bp long in vitro (from -10 bp upstream of TATA to -50 bp downstream) (30) . Adf-1 is a transcription factor that binds from -48 to -84 and increases distal promoter transcription in vitro (13, 14) . This binding site is also required for proper levels of distal transcription in vivo (5, 9) . Adf-2 is a sequence-specific DNA binding protein with 2 binding sites in the distal promoter region; -190 to -204 (Adf-2a, see below) and +6 to +20 (Adf-2b) (15) . Adf-2 has been implicated as a site-specific and cell-specific repressor of distal transcription from transiently transfected templates in Drosophila tissue culture cells.
To determine whether transcription-associated DNA-protein interactions could be detected at any of these sites in vivo, we performed a comparative study of nucleoprotein structure in the distal promoter region (Fig. 1) . During larval development, the peak of distal promoter transcription occurs in mid-third instar fat body tissue (2). Therefore we used mid-third instar fat body as the transcriptionally active state. In other larval tissues and developmental stages studied here, the distal promoter is inactive, thus these transcriptionally inactive states were used in comparison to mid-third instar fat body. From all the experiments, only reproducible and significant alterations in cleavage patterns are reported. The positions of cleavages are presented as the distance from the distal transcription initiation site.
First, DMS was used to analyze non-histone protein binding at the distal promoter in hand-dissected mid-third instar larval fat body tissue. On the sense strand, guanines at -63 and -69 within the Adf-1 binding site were highly protected from DMS methylation (open circles) (Fig. 1 , lane 5, compare with lanes 3 and 4), and a guanine at -78 had a slight increase in DMS reactivity (solid circle). Thus the Adf-1 site appears to be occupied (or footprinted) by protein in vivo during distal promoter transcription. Protein binding at or near the TATA box was also detected as hypersensitivity at -24 and protection at -22 just downstream from the TATA box (Fig. 1, lane 5) . In addition the protection at -7 and -13 and the hypersensitivity at -14 indicate there were also DNA-protein interactions near the transcription initiation site, which could include binding by RNA polymerase II or one of the general transcription initiation factors. Perhaps the most striking feature of the /4*#i-expressing fat body DMS pattern is the 3 extremely hypersensitive guanines at -42, -40, and -38 between the TATA box and the Adf-1 binding site (Fig. 1 , lane 5). They could have resulted from a large protein-induced hydrophobic pocket as described above, or from a distortion in the DNA helix that enhanced the accessibility of DMS to the N-7 of those guanines in the major groove. Either explanation implies that proteins bound at the 2 flanking sites in mid-third instar fat body may be interacting in such a way to create the hypersensitive region in between.
We next probed the distal promoter region with DNase I. Two types of samples were analyzed: hand-dissected permeabilized tissues and isolated nuclei. The first minimizes chromatin structural alterations during preparation, but is feasible and practical only for third instar larvae. The second was also used because nuclei from isolated fat body or whole embryos could be conveniently obtained from several developmental stages. As shown in Fig. 1 , similar results were obtained from both types of preparation. The distal promoter region in mid-third instar salivary glands, which do not express Adh, was somewhat insensitive to DNase I digestion, but higher levels of DNase I provided a digestion pattern that was very similar to naked DNA ( Fig. 1, lanes 8-12) . This is consistent with the distal promoter being rather inaccessible, and lacking specific protein binding in salivary glands. In a similar manner, distal promoter DNase I cleavage patterns at 2 developmental stages prior to (0-10.5 hour whole embryos, and mid-second instar fat body), and 1 stage after distal promoter transcription (early pupae fat body) were not significantly different from naked DNA (Fig. 1 , lanes 24-29, and 33-39). Mid-third instar fat body tissue (Fig. 1 , lanes 13 -17) or nuclei ( Fig. 1, lanes 30-32) however, yielded a DNase I digestion pattern with striking differences from naked DNA and /4dfc-non-expressing tissues and stages. Within the Adf-1 binding site, all of the DNase I cleavages in fat body, with the possible exception of -79 (open circle) in permeabilized fat body, were equal to or greater than those in the naked DNA (Fig. 1, lanes 13-17 and 30-32 ). This contrasts with the footprint seen over this site by DMS (Fig. 1, lane 5) . The explanation may lie in the detection mechanisms of these 2 reagents.
As mentioned above, DMS recognizes major groove protection, while DNase I recognizes minor groove protection. Thus it is possible that a protein could bind in the major groove at the Adf-1 site in such a way that it does not significantly hinder DNase I binding and cleavage in the minor groove. It is also possible that DNase I disrupts the normal DNA-protein interactions at the Adf-1 site in vivo, causing a loss of the footprint. Adf-1 has been footprinted by DNase I in vitro, but the binding conditions are likely different from those in vivo (13, 14) . Similar phenomena have been observed in other nuclease digestion studies. On the mouse mammary tumor virus promoter, DNase I protection of the TATA box and OCT-1 binding sites were not detectable during hormone-induced transcription even though these sites are required for transcription, and footprinted in vitro (31) . In yeast, a footprint on an a2 operator in a cells was detectable with DMS, but not with MNase (32) . Together, our data and these examples suggest that in vivo protein footprints are not necessarily detectable with all structural probes.
Over the TATA box, DNase I cleavages on the sense strand are very weak in naked DNA (Fig. 1, lanes 18-21 and 36-39) ; thus, DNase I could not provide any information regarding protein binding at this site. However, as with the DMS analysis (Fig. 1, lanes 1-5) the most striking feature of the DNase I digestion pattern in mid-third instar fat body was the hypersensitivity between the TATA box and Adf-1 binding site (Fig. 1, lanes 13-17 and 30-32 ). Cleavage at position -43 (large arrowhead) is particularly interesting because this position was cleaved very weakly in naked DNA, yet in fat body it is the most hypersensitive position in this region, and several positions immediately upstream were also quite hypersensitive. Such a dramatic highly localized increase in DNase I cleavage is unlikely to be caused by increased DNA accessibility, but a local DNA helix deformation, which altered the width of the minor groove, could cause such a sharp increase in DNase I susceptibility (33, 34) . One explanation for this local helix distortion is a bend or kink in the DNA, which could have been induced by protein-protein interactions between proteins bound at the Adf-1 site and the TATA box. Other similar mid-third instar fat body-specific helix distortions were suggested by the hypersensitive DNase I cleavages at -114 and -17/ -18 ( Fig. 1,  lanes 13 -17 and 30-32 ) each of which was cleaved very weakly in naked DNA. Thus DNA-protein and/or protein-protein interactions associated with distal transcription initiation appear to induce DNA conformational changes in the distal promoter region. Between the TATA box and the transcription initiation site subtle DNase I protections and hypersensitive sites were also indicative of mid-third instar-specific DNA-protein interactions associated with transcription initiation (Fig. 1, lanes 13-17 and  30-32 ).
In mid-third instar fat body nuclei there was general hypersensitivity to DNase I at most cleavage positions upstream of -43 ( Fig. 1 lanes 30-32) extending to 186 (not shown), including those in the Adf-1 binding site. This is consistent with the strong DNase I hypersensitive site previously detected over this region in mid-third instar fat body by low-resolution indirect end-labeling (19) . It is interesting that this increased DNase I cleavage was not detected at this magnitude in permeabilized midthird instar fat body (Fig. 1, lanes 13 -17) even though the helix distortions at -43 and -114 were quite obvious. A close examination of the DNase I cleavages upstream of -43 in midthird instar fat body nuclei revealed that many of the individual bands were only slightly stronger than in naked DNA, but a high background between the bands made cleavages across this region appear much stronger than in naked DNA (Fig. 1, lanes 30-32,  and 36-39 ). The cause of this background was not clear, but it was a consistent feature of this specific region in mid-third instar fat body nuclei. Analyses of other regions, using the same DNA samples did not reveal high mid-third instar-specific background (see Figs. 2 and 4) . Furthermore, it was not possible to make a precise quantitative comparison of band intensities in the permeabilized tissues because the minute amount of DNA from the dissected tissues could not be quantitated. We attempted to load matching quantities of naked DNA and fat body DNA based on empirical measurements (35) , but it is possible that the naked DNA was under-loaded in comparison to the fat body DNA, and this would have masked small fat body-specific increases in DNase I cleavage. Thus the differences in DNase I cleavage intensities upstream of -43 in permeabilized fat body and fat body nuclei at mid-third instar may not be as great as they appear. It is clear that in comparison with nuclei at other stages, from which precisely matching quantities of DNA could be analyzed, this region is more susceptible to DNase I cleavage at mid-third instar (Fig. 1, lanes 24-35) . Fig. 2 shows antisense strand DNase I and MNase cleavage patterns within and immediately downstream of the distal promoter in early embryo and staged fat body nuclei. As on the sense strand (Fig. 1, lanes 8-17 and 24-35 ), there were no significant DNase I protections at positions within the Adf-1 binding site or TATA box (Fig. 2, lanes 3 -14) , consistent with the previous inability of DNase I to directly detect DNA-protein interactions at those sites (see Fig. 1 ). However, there was hypersensitive DNase I cleavage specific to mid-third instar fat body beginning at the downstream edge of the Adf-1 site at -49, and continuing upstream (Fig. 2, lanes 9 -11) , similar to what was observed on the sense strand across the same region (see Fig. 1, lanes 30-32) . From the TATA box to several hundred bases downstream of the transcription initiation site, the antisense strand was not hypersensitive to DNase I at most positions (Fig. 2, lanes 9-11) indicating that the highly accessible chromatin structure was localized to the region upstream of and including the Adf-1 binding site. A mid-third instar specific cleavage at position +5 (small arrowhead) (Fig. 2, lanes, 9-11 ) was indicative of a DNA helix distortion (see above) since that position was cleaved very weakly in naked DNA and other stages (Fig. 2, lanes 15-18) . This could be related to an open transcription initiation complex, in which the DNA is partially unwound near the RNA start site (36) . A hypersensitive DNase I cleavage at -12 (solid circle) in mid-third instar fat body nuclei (Fig. 2, lanes, 9-11 ) was also suggestive of protein-induced DNA conformational change near the start site at this transcriptionally active stage.
MNase cleavage patterns on the antisense strand are shown side by side with the DNase I patterns. This structural probe detected several stage-specific footprints over the TATA box and the transcription initiation site. Position -36 was cleaved very strongly on naked DNA (Fig. 2, lane 35) , but was protected from cleavage in nuclei at every developmental stage (Fig. 2, lanes  21-32) . This suggests there was a constitutive DNA-protein interaction that blocked MNase access to that site. However, midthird instar-specific protections at -40, -38, -33, -31, and -30 (open circles) (Fig. 2, 27-29) , indicate there was additional protein binding over this region including the TATA box at this transcriptionally active stage. In the regions immediately flanking the RNA start site, MNase cleavage was rather weak in the naked DNA due to the sequence specificity of the enzyme (26) . However, a comparison of the cleavage intensities between the developmental stages demonstrates obvious mid-third instarspecific protections at positions +11, +13, and +18 within the Adf-2b binding site, and at +2 adjacent to the RNA start site (Fig. 2, lanes 27-29) . Over the Adf-1 site there appears to be a weak footprint at mid-third instar (Fig. 2, lanes 27-29) , however the general lack of MNase cleavages in this region made it difficult to accurately assess this data. Fig. 2 also demonstrates that MNase was able to detect some DNA-protein interactions that DNase I did not. Thus it appears that MNase may be a less disruptive structural probe than DNase I. In summary, the 3 structural probes each revealed different nucleoprotein structural features in the distal promoter region. Taken together, they indicate that protein binding at the Adf-1 site, the transcription initiation site, and the Adf-2b site was specific to mid-third instar fat body in which distal transcription is active. Although there was a constitutive DNA protection immediately upstream from the TATA box, additional protein binding over TATA was specific to the transcriptionally active stage. Furthermore, mid-third instar fat body-specific DNA helix distortions between the Adf-1 site and TATA box, near the transcription initiation site, and upstream of the Adf-1 she suggest there are protein-induced DNA conformational alterations that could result from interactions between adjacently bound proteins.
The Adf-2a site on the surface of a positioned nucleosome upstream of the distal promoter is occupied by an additional factor in mid-third instar fat body nuclei We previously identified a specifically positioned nucleosome from -186 to -331 of the distal RNA start site (19) . This nucleosome was present constitutively at all stages of embryonic and larval development. DNA wrapped around a nucleosome is protected from double-stranded MNase cleavages; however, this enzyme is capable of making single-stranded nicks in nucleosomal DNA (37) . LMPCR analysis of MNase cleavages on the sense strand across the positioned nucleosome revealed a strong midthird instar-specific footprint over the Adf-2a site which lies on the outer turn of the nucleosomal DNA (Fig. 3, lanes 9-11) . MNase cleavages at -198, -202, and -206 (open circles) were strongly protected in mid-third instar fat body nuclei, and weakly protected in early pupae fat body nuclei (Fig. 3, lanes 9-14) . This suggests that a protein was bound to the DNA on the surface of the nucleosome in fat body tissue at mid-third instar when the distal promoter was active. In addition the site may have been partially occupied in early pupae fat body after distal transcription was turned off. Just upstream of the nucleosome, mid-third instarspecific MNase protection was detected at 337 and 339 (Fig. 3, lanes 9-11) overlapping with the d5 binding site (10) , indicating that d5 is another site of transcriptionally associated DNA-protein interaction. At 425 there was a chromatinspecific MNase protection visible at all developmental stages (Fig. 3) . This position is not within any previously identified ciselements or binding sites, and its constitutive protection does not correlate with distal promoter transcription. The region upstream of -425 near and within the AAE was hypersensitive to MNase cleavage in mid-third instar fat body. This was consistent with mid-third instar-specific DNase I hypersensitivity in the same region (see below).
Stage-specific DNase I hypersensitive islands in the Adh adult enhancer suggest there are transcription-associated DNAprotein interactions
The Adh adult enhancer (AAE) 450 to 600 of the distal RNA start site is required for normal levels of stage-and tissuespecific distal promoter transcription (6, 7, 9) . There are several well characterized m-elements and in vitro non-histone protein binding sites in the AAE. The DEP-l/DEP-2 site (Fig. 4) is required for normal levels of distal promoter transcription in vivo and binds 2 distinct proteins in vitro, one of which may be the transcription factor FTZ-F1 (7, 9) . The BBF-2 site is also required for normal levels of distal promoter transcription in vivo and binds the factor BBF-2 in vitro (11) . The DEP^ site (7) (Fig. 4) however, is a negative transcriptional regulatory element (9, 12) , and binds the protein AEF-1 in vitro (12) .
We used LMPCR analyses of staged embryo and fat body nuclei to determine whether these binding sites were involved in transcription-associated DNA-protein interactions. We did not detect protection from DNase I cleavage over any of these sites at any developmental stage (Fig. 4) , however mid-third instarspecific DNase I hypersensitivity (solid circles) was seen adjacent to the upstream edge of the DEP-l/DEP-2 site and flanking the BBF-2 site (Fig. 4, lanes 9-11) . The lack of DNase I footprints over these sites, which are presumably occupied in mid-third instar fat body (see above), does not necessarily indicate that no proteins were bound since DNase I also failed to detect footprints over several other occupied binding sites in the distal promoter ( Figs. 1 and 2 ). Indeed the adjacent DNase I hypersensitive regions were very suggestive of stage-specific DNA-protein interactions in the vicinity of these binding sites, and indicative of possible protein-protein interactions that resulted in DNA conformational changes between binding sites (see above, Fig. 1 ). DNase I digestion of hand-dissected lysolecithin permeabilized mid-third instar fat body revealed the same digestion pattern as nuclei (35) , but other attempts to analyze nucleoprotein structure in the AAE were unable to provide complementary data. MNase cleaved rather infrequently in the AAE region and was therefore not very useful for footprinting (35) , and consistent guanine ladders could not be obtained from DMS-treated dissected fat body tissue using the LMPCR primers for this region (35) . Thus the limited data for the AAE did not provide direct evidence for protein binding at previously identified ris-elements or in vitro binding sites, but the stage-specific DNase I hypersensitivity provides indirect evidence that there were DNA-protein interactions in that region that correlated with transcription.
DISCUSSION
The focus of this study was to survey the nucleoprotein structure in vivo of the Adh distal promoter and adult enhancer in different tissues and at different developmental stages in order to identify DNA-protein interactions associated with distal transcription initiation and determine whether these interactions occurred at previously identified cis-elements and in vitro binding sites. Several stage-and tissue-specific DNA-protein interactions have been identified using complementary data provided by 3 structural probes. These are summarized below and in Fig. 5 , which illustrates the DNA-protein interactions that correlate with distal promoter transcription in mid-third instar fat body tissue.
Hie distal promoter has bound proteins and distorted DNA during transcription
The Adf-1 site, the TATA box, and the Adf-2b site are all occupied specifically in mid-third instar fat body (Figs. 1, 2 , and 5). Presumably these sites are bound by Adf-1, TFIID, and Adf-2 respectively, although several other general transcription initiation factors, coactivators, and RNA polymerase II are undoubtedly associated with this region and we cannot determine the identity of the proteins bound in vivo. In addition, both DNase I and DMS provided evidence for possibly bent or kinked DNA between the TATA box and Adf-1 site. This conformation suggests that Adf-1 could be interacting with the general transcription machinery via DNA bending. This is particularly interesting in light of recent evidence which indicates that TFIID can induce a DNA bend upstream of the TATA box in vitro (38) . Purified bacterially expressed TFIID from both yeast and humans was found to induce DNA bending upon binding to the adenovirus major late promoter. Yeast TFIID induced a bend that was centered near the left end of the TATA box, while human TFIID induced a bend centered slightly further upstream. The authors suggested that such bending could facilitate contact between upstream bound regulatory factors and the general transcription initiation machinery (38) . Thus Adf-1 bound upstream of the TATA box in the Adh distal promoter is in an ideal location for interacting with the transcription machinery via a TFIID induced DNA bend, and such interactions could even stabilize the bend. We also detected other DNA helix deformations in the distal promoter region. The DNA helix distortion at +5 (Figs. 2 and 5) is consistent with the existence of an open transcription initiation complex similar to that recently discovered for the RNA polymerase II transcription initiation complex in vitro (36) . At -114, the helix deformation could also represent DNA bending caused by DNA-protein and/or protein-protein interactions, or it could be related to the general DNase I hypersensitivity observed across this region (Figs.l, 2, and 5; see below).
Altered DNA-protein interactions in the adult enhancer during distal transcription
In the Adh adult enhancer (AAE), we were unable to detect DNase I footprints over several previously defined in vitro binding sites (Figs. 4 and 5 ). However, highly localized mid-third instar specific DNase I hypersensitive cleavages provided indirect evidence for DNA-protein interactions in the vicinity of these binding sites. The DEP-l/DEP-2 site is required for proper levels of distal promoter transcription in mid-third instar fat body (7), so presumably this site interacts with a transcription factor at this stage. The BBF-2 site is also a positive transcriptional regulator (11) . Thus it may also be a site of protein binding in mid-third instar fat body. The DEP-4 (AEF-1) site is a negative transcriptional regulator involved in modulating distal promoter transcription (12) , and thus could be occupied before, during and/or after distal transcription. The only evidence for DNAprotein interactions near the DEP-4 site was mid-third instarspecific DNase I hypersensitivity flanking the site on either side (Fig. 4) . It is possible that this site is undetectably occupied at other stages, and stage-specific protein-protein interactions with adjacently bound proteins leads to the mid-third instar DNase I hypersensitivity.
Non-histone protein binding on nucleosomal DNA
The Adf-2a site (-190 to -204) is within a region (-186 to -330) previously shown to be constitutively occupied by a positioned nucleosome throughout development (19) . Unexpectedly, we detected a footprint over this site in mid-third instar fat body nuclei (Fig. 3) suggesting that a protein, possibly Adf-2, can specifically recognize this binding site on a nucleosome, where the DNA conformation (e.g. curvature and helical pitch (reviewed in 39)) is different from free DNA. We cannot confirm whether the bound protein is Adf-2, or whether some other protein in addition to or instead of Adf-2 is bound to the nucleosome. The DNA on this nucleosome is rotationally positioned (19) , and as a result, the Adf-2a site is always in the same orientation with respect to the underlying histone octamer. This could facilitate specific protein recognition of this sequence if the sites of protein-DNA contact are oriented outward. In vitro reconstitution experiments have demonstrated that this nucleosome is positioned by DNA structural features possibly including anisotropic flexibility, which dictates the DNA rotational position on the nucleosome (19) . Part of the reason this nucleosome is positioned so precisely may be to ensure that the Adf-2a binding site is accessible. Other examples of sequencespecific DNA binding proteins that can recognize their binding site in nucleosomal DNA are glucocorticoid receptor (40) (41) (42) and possibly GAL4 (43). Adf-2 has been identified as a cell-specific repressor of Adh distal transcription in Drosophila tissue culture cells (15) , thus if Adf-2 is the protein bound at the Adf-2a and/or Adf-2b sites in vivo it is puzzling that the strongest footprint correlates with a peak of distal promoter transcription. It is possible that Adf-2 may be interacting with the transcription initiation complex at mid-third instar in order to facilitate turning distal transcription off at late third instar when some additional signal becomes available. Indeed, the Adf-2a site remains partially protected in early pupae suggesting continued Adf-2 interactions after distal transcription has ceased.
We also detected a stage-specific footprint over the d5 binding site at mid-third instar (Figs. 3 and 5) . It is interesting that the location of this binding site where the DNA exits the positioned nucleosome, and the location of the Adf-2a site, on the nucleosome near the DNA entry point, are in close proximity as a result of the nucleosome (Fig. 5) . The juxtaposition of these binding sites could facilitate interactions between bound proteins. A similar structure has been described for the D. melanogaster hsp26 promoter (44).
Chromatin accessibility and DNase I hypersensitivfty
We previously determined that the distal promoter and AAE possess a highly accessible DNase I hypersensitive chromatin conformation in mid-second instar fat body, 1 day prior to initiation of distal transcription (19) . The distal promoter region then becomes -2 fold more sensitive to DNase I by mid-third instar. Those studies were accomplished by a low-resolution agarose gel analysis of DNase I cleavages. The present study utilizes a high-resolution analysis of single-stranded cleavage patterns and interestingly, DNase I hypersensitivity was not detectable until mid-third instar, where it was seen in the AAE (Figs. 4 and 5) , the distal promoter (Figs. 1 and 5) , and specifically on the antisense strand over the positioned nucleosome (19) . This discrepancy may be due to the resolution of detecting double-stranded versus single-stranded DNase I cleavages. On a native agarose gel, double-stranded DNA cleavages throughout a 100 to 200 bp region can contribute to a DNase I hypersensitive site. The LMPCR technique used in this study detects single-stranded DNA nicks at single-nucleotide resolution. Thus, with high resolution analysis, a DNase I hypersensitive region might not be obvious if the increased regional accessibility leads to slight increases in DNase I cleavage distributed over 100-200 bp.
The increases in DNase I cleavage that were detected at highresolution in mid-third instar fat body (Figs. 1, 2 and 4) could have resulted from increased accessibility across this region due to a higher order chromatin structural alteration; however, (Figs. 1 -4) we did not see equivalent stage-specific increases in both DNase I and MNase cleavage in all regions. Thus the increases in DNase I cleavage such as those between the Adf-1 site and TATA box (Figs. 1 and 5 ) may be due to DNA helix distortion caused by protein-protein interactions. MNase would be less sensitive to changes in helix structure because it recognizes the phosphate backbone (26) . Another explanation for the increased DNase I cleavage is a DNA structural alteration such as torsional stress. Villeponteau and colleagues (45, 46) suggested that DNase I hypersensitive sites are associated with DNA torsional stress by demonstrating that DNase I hypersensitivity in the chicken /S-globin locus was sharply reduced by introducing nicks into the DNA with gamma rays or bleomycin. Promoter regions may be under negative torsional stress as a result of the transcribing RNA polymerase which could generate negative supercoils behind the transcription bubble (47); this could alter the minor groove width or flexibility of the DNA across a large region such that DNase I cleavage would be increased (26, 27) .
Cooperative assembly of the transcription initiation complex
As we proposed previously (19) , the positioned nucleosome could facilitate a DNA loop between the AAE and distal promoter thus promoting interactions between enhancer-bound and promoterbound proteins (see Fig. 5 ). It is possible that this looped conformation is additionally modulated by stage-specific interactions between Adf-2 and d5 bound at the DNA entry-exit point on the nucleosome. It is intriguing that most of the DNAprotein interactions we detected in the distal promoter and AAE were specific to mid-third instar, when the distal promoter is transcribed, because these regions already possess an accessible chromatin conformation at mid-second instar as shown by a DNase I hypersensitive site (19) , and several of the proteins thought to bind in these regions are present at developmental stages earlier than mid-third instar. These include TH1D and the general transcription initiation factors, which are ubiquitous by definition, Adf-1 (48), Adf-2 (15), d5 (10), BBF-2 (11) and FTZFl (49). Our results suggest these proteins do not individually interact with their binding sites prior to the availability of other factors or developmental signals involved in distal transcription regulation; they appear to assemble on the DNA cooperatively in third instar fat body tissue. These observations are consistent with a model for transcription initiation in which transcription factor binding in enhancer and promoter regions is involved in recruiting the ubiquitous general transcription initiation machinery. It is possible that some factors may be present on or near their binding sites prior to mid-third instar but undetectable until the appropriate conditions produce a reorganization in which these proteins specifically interact with their binding sites and each other. This phenomenon has been observed for heat shock factor (HSF) (50). Staining Drosophila polytene chromosomes with an HSF antibody demonstrated that HSF is evenly distributed on the chromosomes prior to heat shock, and then becomes relocalized and is detectable specifically at heat shock-activated and -repressed loci following heat shock.
The coordinated appearance of non-histone protein binding and DNA conformational alterations over the distal promoter, the positioned nucleosome, and the AAE in mid-third instar fat body tissue (Fig. 5) suggests that the circumstances leading to distal transcription initiation involve a cooperative complex of DNAprotein and protein-protein interactions. With the large diversity of cw-acting elements and trans-acting factors involved in Adh regulation it is unlikely that the assembly of a transcription initiation complex is dependent on a single signal. Potential signals include not only the accessibility of protein binding sites and the availability of the specific proteins that bind to them, but also modifications of these regulatory proteins such as phosphorylation, or the availability of co-activators or ligands under the control of the ecdysone hierarchy during mid-third instar (reviewed in 51). An appropriate combination of these signals could lead to the cooperative assembly of a transcription initiation complex. Such an intricate regulatory mechanism will only be solved by the continued application of both in vivo and in vitro studies of Adh transcription. .T.K., Cordingley.M.G., Wolford.R.G. and Hager.G.L. (1991) 
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